T helper type 2 (Th2) cells, type 2 innate lymphoid cells (ILC2s) and eosinophil progenitors have previously been described to produce interleukin-5 (IL-5) in the airways upon allergen provocation or by direct administration of IL-33. Eosinophilic airway inflammation is known to be associated with IL-5-dependent eosinophil development in the bone marrow, however, the source of IL-5 remains unclear. T helper cells, ILC2s and CD34 + progenitors have been proposed to be involved in this process, therefore, we investigated whether these cells are taking part in eosinophilopoiesis by producing IL-5 locally in the bone marrow in IL-33-driven inflammation. Airway exposure with IL-33 led to eosinophil infiltration in airways and elevated eotaxin-2/CCL24. Importantly, IL-5 production as well as expression of the IL-33 receptor increased in ILC2s in the bone marrow under this treatment. A small but significant induction of IL-5 was also found in CD34 + progenitors but not in T helper cells. Similar results were obtained by in vitro stimulation with IL-33 where ILC2s rapidly produced large amounts of IL-5, which coincided with the induction of eosinophil hematopoiesis. IL-33-mediated eosinophil production was indeed dependent on IL-5 as both airway and bone marrow eosinophils decreased in mice treated with anti-IL-5 in combination with IL-33. Interestingly, the responsiveness of ILC2s to IL-33 as well as IL-33-induced eotaxin-2/CCL24 were independent of the levels of IL-5. In summary, we demonstrate for the first time that IL-33 acts directly on bone marrow ILC2s, making them an early source of IL-5 and part of a process that is central in IL-33-driven eosinophilia.
Introduction
Eosinophils are granulocytes that are involved in host defence against parasites and play a central role in the pathogenesis of allergic diseases. 1, 2 They develop in the bone marrow, from CD34 + hematopoietic progenitor cells, in a process tightly regulated by interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating factor and IL-5. 3 Although many factors contribute to the development of eosinophils, IL-5 is essential for maturation, survival, proliferation and priming for migration to target tissues. 2, 4 Similarly, eotaxin-1/CCL11 and eotaxin-2/CCL24, ligands for the cell surface CC-chemokine receptor 3 (CCR3), regulate eosinophil homing to tissues both in cooperation with IL-5 and through IL-5-independent pathways. [4] [5] [6] IL-5 is typically considered a product of type 2 polarized T helper (Th) cells, however, eosinophils and their progenitor cells also produce a wide range of cytokines that influence hematopoietic differentiation, including IL-5.
7-11 IL-5 is also produced by other innate immune cells, and during the last decade, type 2 innate lymphoid cells (ILC2s) have emerged as a new important Abbreviations: BAL, bronchoalveolar lavage; CCR3, CC-chemokine receptor 3; ILC, innate lymphoid cell; IL, interleukin; rm, recombinant murine; Th, T helper; WT, wild-type
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source of type 2 cytokines in response to IL-33. [12] [13] [14] [15] A positive relationship between IL-33 and eosinophilia has been demonstrated in several studies, including reports of lower baseline levels of eosinophils in peripheral blood in gene knockout mice that lack IL-33 or the IL-33 receptor ST2. 16 Moreover, studies of ST2-deficient mice in allergic inflammatory settings have revealed that disruption of IL-33 signalling pathways results in impaired eosinophilic airway inflammation and reduced levels of type 2 cytokines upon allergen challenge. 17 Interestingly, it was recently shown that IL-33 not only supports IL-5 production but also promotes eosinophil development by enhancing IL-5 receptor (IL5Ra) expression in early ST2-expressing precursor cells in the bone marrow. 16 However, several aspects of IL-5-driven eosinophilopoiesis still remain unresolved, including the cellular source of IL-5 in the bone marrow. It has proved challenging to dissect the exact pathways by which cellular subtypes regulate specific hematopoietic processes and several different cell types have been suggested to be involved in the IL-5 production in the bone marrow. 7, 10, 18 Interestingly, one study that found increased IL-5 in bone marrow after allergen challenge demonstrated that CD3 + T cells were the major IL-5-producing cell type in sensitized mice, whereas CD34 + cells were responsible for the IL-5-production in the bone marrow at baseline in non-sensitized mice. 10 Other studies have also linked T cells to bone marrow IL-5 where increased numbers of IL-5 + CD3
+ cells were detected in bone marrow aspirates from individuals with allergic asthma after airway allergen challenge, 19 and adoptive transfer of IL-5 transgenic CD3 + lymphocytes resulted in increased bone marrow eosinophilia in allergen sensitized and challenged mice. 20 In addition to IL-5, T cells in the bone marrow are also important mediators of progenitor differentiation by secretion of IL-3 and granulocyte-macrophage colony-stimulating factor. 21 Indeed, T-cell-deficient mice have been reported to accumulate myeloid progenitors in the bone marrow, which was reversed by reconstitution of the CD4 + Th cell pool. 22 However, a role of Th cells in the bone marrow in eosinophilic inflammation that is not driven by an adaptive allergic response has not yet been reported. Furthermore, although there is evidence for a contribution of ILC2s in eosinophilic airway inflammation, their role in the bone marrow remains to be determined. In this study, we compared the ability of Th cells, CD34 + progenitors and ILC2s to produce IL-5 in vivo in the bone marrow using a model of IL-33-driven eosinophilia. We demonstrate that IL-33-induced eosinophilic airway inflammation is accompanied by increased eosinophils in the bone marrow, where ST2 expression was identified on early CD34 + progenitors, a subset of Th cells and on all ILC2s in the bone marrow. 
Materials and methods

Mice
Wild-type (WT) C57BL/6J mice were purchased from Charles River (Sulzfeld, Germany) and housed in pathogen-free conditions where they were given food and water ad libitum. Male mice between 8 and 11 weeks of age were included in the study. All procedures were approved by the Animal Ethics Committee at the University of Gothenburg, Gothenburg, Sweden (permit number 126/14).
IL-33-induced airway inflammation
IL-33-driven inflammation was induced as previously described. 14, 15 Briefly, naive mice were given 1 lg recombinant murine IL-33 (rmIL-33; PeproTech, Rocky Hill, NJ) in PBS on days 1, 3 and 5 by intranasal administration. Control mice were given PBS. Samples were collected on day 6, 24 hr after the final challenge. In some experiments, mice were given 50 lg anti-mouse IL-5 antibodies or isotype control (BD Biosciences, San Jose, CA) by intraperitoneal injection 1 hr before the first intranasal challenge, and in some experiments, mice were given 50 lg anti-mouse eotaxin-2/CCL24 antibodies or isotype control (R&D Systems, Minneapolis, MN) by intranasal administration 1 hr before all three intranasal challenges with IL-33.
Collection of blood, bronchoalveolar lavage and bone marrow
Sample collection was performed as previously described in detail in Johansson et al. 15 Blood was collected in tubes containing 2 mM EDTA (Sigma-Aldrich, St Louis, MO) in PBS for differential cell count or in empty tubes for serum processing. Bronchoalveolar lavage (BAL) was collected from tracheotomized mice by instillation of sterile PBS followed by gentle aspiration. Mediators were analysed in cell-free BAL, and BAL cells were processed for differential cell count. Bone marrow cells from left and right femurs were flushed out with 10 ml wash buffer (2% fetal calf serum in PBS) and further processed for flow cytometric analysis, in vitro stimulation or differential cell count.
Differential cell count
Bone marrow cells and whole blood were lysed with red blood cell lysis solution consisting of 0Á1 mM EDTA (SigmaAldrich) in distilled water supplemented with 0Á8% NH 4 Cl (Merck Chemicals, Darmstadt, Germany) and incubated on ice for 10 min. Eosinophils were identified by histological examination of cytospin preparations (as previously described in ref. 15 ) from bone marrow, blood and BAL that were stained with Hemacolor Rapid stain (Merck Chemicals) according to the manufacturer's protocol.
Cytokine and chemokine analysis
Mediator levels in cell-free BAL (eotaxin-1/CCL11, eotaxin-2/CCL24 and TARC/CCL17), serum (eotaxin-1/ CCL11, eotaxin-2/CCL24 and IL-5) and ILC2 culture supernatants (IL-5) were analysed using DuoSet â ELISA kits (R&D Systems) according to the manufacturer's protocol. Absorbance was measured on a Varioskan TM LUX multimode microplate reader (ThermoFisher Scientific, Vantaa, Finland).
Flow cytometric analysis of bone marrow cells
Following red blood cell lysis, bone marrow cells were incubated 15 min on ice with 2% mouse serum (Dako, Glostrup, Denmark). Antibodies for surface antigens were incubated for 30 min at 4°in the dark, followed by fixation with 4% paraformaldehyde 15 min at room temperature (dark). Cells were washed in wash buffer and immediately analysed on a BD FACSVerse TM Flow Cytometer running BD FACSUITE TM software (BD Biosciences). For analysis of intracellular IL-5, all steps in the staining procedure were performed with solutions supplemented with monensin (4 ll/6 ml), a protein transport inhibitor (BD GolgiStop TM ; BD Biosciences) until fixation of cells. After fixation, cells were washed with wash buffer and permeabilized with 0Á1% saponin (Sigma-Aldrich) in Hanks' balanced salt solution (HyClone TM ; GE Healthcare Life Sciences, South Logan, UT). Antibodies for intracellular antigens were incubated for 40 min at room temperature (dark) followed by washing and flow cytometric analysis. Data were analysed with FLOWJO Software (Tree Star Inc, Ashland, OR). Gating strategies and antibodies for flow cytometry are shown in the Supplementary material ( Fig. S1 and Table S1, respectively).
In vitro stimulation of bone marrow cells
Bone marrow cells from naive mice were subjected to red blood cell lysis, counted and seeded at a concentration of 1 9 10 6 /ml in complete cell culture medium (RPMI-1640 medium, 10% fetal calf serum, 2 mM L-glutamine, 100 U/ ml penicillin, 100 lg/ml streptomycin, 55 lM 2-mercap toethanol). Then, 100 ng/ml rmIL-33 (PeproTech) was added to stimulated wells. Cells were stimulated for 3, 6, 12 and 24 hr before harvest for intracellular FACS analysis of IL-5. Monensin (BD GolgiStop TM ) was added (4 ll/6 ml) 3 hr before harvest to all wells.
ILC2 sorting and stimulation
Following red blood cell lysis, bone marrow cells were seeded in tissue culture flasks for 4 hr in complete cell culture medium for removal of adherent cells. Lineagenegative cells were enriched from suspension cells by magnetic depletion according to the manufacturer's protocol (Lineage Cell Depletion Kit, MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). The lineage negative fraction was seeded overnight at a concentration of 1 9 10 6 cells/ml in complete cell culture medium supplemented with rmIL-2 and rmIL-7 (PeproTech; 50 ng/ml of each). Cells were harvested the following day and antibodies for surface antigens were incubated for 30 min followed by one wash in PBS supplemented with 1% fetal calf serum, and immediately subjected to FACS sorting on a BD FACS Aria Flow Cytometer running BD FACS DIVA version 6.0 Software. Sorted ILC2s (Lin À CD45 + ICOS + CD25 + ST2 + ) were seeded (3500-4800/well) in 200 ll complete cell culture medium supplemented with rmIL-2, rmIL-7, rmIL-25 (R&D Systems), rmIL-33 (50 ng/ml of each) and recombinant murine thymic stromal lymphopoietin (R&D Systems; 20 ng/ml). Cells were allowed to expand over 14 days while fresh culture medium was added every other day. The expanded ILC2s were rested in complete cell culture medium supplemented with rmIL-2 and rmIL-7 (50 ng/ml of each) for 2 days before stimulation with rmIL-33 (100 ng/ml) for 20 hr and cell-free supernatants were stored for IL-5 measurements. In some experiments, cell-free culture supernatants from IL-33-stimulated ILC2s were added at a concentration of 5% (corresponding to a final concentration of approximately 25 ng/ml IL-5) to naive bone marrow cells. Unstimulated controls were given plain culture media, the bone marrow cells were cultured for 9 hr followed by FACS analysis of eosinophil progenitors.
Statistical analysis
Statistical testing by non-parametric Mann-Whitney U-test or paired t-test was performed using GRAPHPAD PRISM 6 software (GraphPad Software Inc, La Jolla, CA). Statistical significance was defined as *P < 0Á05, **P < 0Á01 and ***P < 0Á001.
Results
IL-33 elicits airway, blood and bone marrow eosinophilia in vivo
We and others have previously shown that exogenous IL-33 administration by intraperitoneal injection or by intranasal ª 2017 John Wiley & Sons Ltd, Immunology, 153, 268-278 route ( Fig. 1a) gives rise to elevated eosinophils in circulating blood and in peripheral sites such as the lung and BAL. [14] [15] [16] 23, 24 Consistent with these reports, mice that were given intranasal IL-33 demonstrated significantly increased eosinophil numbers in the bone marrow (Fig. 1b,c) , blood ( Fig. 1d) and BAL ( Fig. 1e) as determined by differential cell count (representative contrast stained cells in Fig. 1b) . Analysis of eosinophil-attracting chemokines in serum (Fig. 1f,g ) and BAL (Fig. 1h,i) revealed that IL-33-challenged mice had elevated levels of eotaxin-2/CCL24, but not eotaxin-1/ CCL11, in the circulation and locally in the airways, indicating that bone marrow eosinophils are recruited to the airways in response to IL-33. Indeed, pre-treatment with anti-eotaxin-2/CCL24 antibodies 1 hr before IL-33 challenges decreased BAL eosinophils (Fig. 1j) .
IL-33 promotes eosinophil maturation in the bone marrow
To investigate eosinophil hematopoiesis locally in the bone marrow under IL-33 treatment, bone marrow cells from IL-33-challenged mice or PBS-treated controls were isolated and analysed by flow cytometry ( (Fig. 2b ). These cells expressed high levels of the eotaxin receptor, CCR3, allowing the mature eosinophils to migrate to the airways in response to increased eotaxin expression. In addition, the mature eosinophils expressed high levels of Siglec-F, a wellcharacterized marker of murine eosinophils, demonstrating that the phenotype is consistent with other studies of eosinophils in mice (see Supplementary material, Fig. S1a ). CD34 + progenitor cells (CD45 + SSC lo CD34 + ) were also found at significantly increased numbers in the bone marrow of IL-33-challenged mice (Fig. 2c) , however, no differences were found in the levels of immature eosinophils, defined as CD45 + SSC int CD34 À IL5Ra hi CCR3 neg/lo cells, at this time point (Fig. 2b) .
IL-33 alters the number of Th cells but not ILC2s in the bone marrow
Further examination of non-eosinophilic bone marrow populations demonstrated that IL-33 administration had no effect on the proportion of ILC2s ( 
Mature eosinophils, ILC2s and Th cells in bone marrow respond to IL-33 through IL33R/ST2
To examine whether the investigated bone marrow populations have the ability to respond directly to IL-33 signalling, we analysed expression of the IL-33 receptor (ST2). ST2 expression was found on a majority of mature eosinophils (Fig. 3a,b) , a population that expanded upon IL-33 challenge. In sharp contrast, no ST2-positive cells were found among immature eosinophils (Fig. 3b) . However, a subpopulation of CD34 + progenitors displayed positive ST2 expression (Fig. 3b) , although the expression remained unchanged in response to IL-33 challenge. Interestingly, Johnston et al. Among the cell populations examined, ILC2s showed the highest ST2 expression (Fig. 3a) . Indeed, all lineagenegative cells expressing the IL-2 and IL-7 receptors in the bone marrow were ST2 + cells (Fig. 3b) , and the density of the receptor on the cell surface increased three-fold in response IL-33 administration (Fig. 3c) . A subpopulation of Th cells also expressed ST2 (Fig. 3b,c) , which increased in IL-33-challenged mice compared with PBStreated mice, suggesting that IL-33 might act directly on Th cells to induce chemotaxis to peripheral sites of inflammation.
IL-33-induced eosinophil production, but not recruitment, is dependent on IL-5
As a result of airway administration of IL-33, significantly elevated levels of IL-5 were found systemically in serum (Fig. 4a) . Importantly, by pre-treating mice with anti-IL-5 antibodies 1 hr before the first intranasal IL-33 challenge (Fig. 4b) , a significant decrease of eosinophils was found in the bone marrow (Fig. 4c) and BAL (Fig. 4e) . A wider spread of eosinophils was recorded in the peripheral blood of IL-33-challenged mice at this time point (Fig. 4d) , however, in PBS-treated control mice, representing homeostatic conditions, anti-IL-5 treatment led to a significant decrease of circulating eosinophils, as previously shown. 16 Indeed, consistent with our results, two recent studies reported elevated IL-5 in the serum of IL-33-treated mice and where IL-33-induced eosinophilia was impaired upon neutralization of IL-5. 8, 16 However, interestingly, we also found that the expression of eotaxin-2/CCL24 in serum (Fig. 4f) and BAL (Fig. 4g) was independent of the levels of IL-5 because no significant difference was found in IL-33-challenged mice pretreated with anti-IL-5 or isotype control. This suggests that IL-33-induced eosinophil production, but not recruitment, is dependent on IL-5. Indeed, lower numbers of mature bone marrow eosinophils in anti-IL-5-treated mice were confirmed by flow cytometric analysis (see Supplementary material, Fig. S4a) . Furthermore, no differences were found in the numbers of CD34 + progenitors or ILC2s in IL-33-challenged mice under anti-IL-5 
ILC2s and CD34
+ progenitors, but not Th cells, produce IL-5 in the bone marrow in vivo By having identified that different populations in the bone marrow express ST2, which was altered upon IL-33 challenge, we investigated whether these cell populations were able to produce IL-5 in IL-33-induced inflammation in vivo. Interestingly, not previously shown, examination by intracellular flow cytometry revealed a dramatic increase of IL-5 + ILC2s in the bone marrow of IL-33-challenged mice (Fig. 5a) . Furthermore, CD34
+ progenitor cells were also found to increase their IL-5 production in response to IL-33 compared with PBS-treated controls (Fig. 5a) , however, no induction of IL-5 was found in Th cells (Fig. 5a ).
Bone marrow ILC2s rapidly produce IL-5 in response to IL-33 stimulation in vitro
To examine IL-5 production in these populations further, we set up an in vitro system where naive bone marrow cells were stimulated with IL-33 for 3, 6, 12 or 24 hr and analysed by intracellular flow cytometry to monitor IL-5 production over time. These experiments revealed that the CD34 + progenitors induced a small but significant increase of IL-5 after 12 hr of IL-33 stimulation, which was maintained at 24 hr of stimulation (Fig. 5b) . Similar to the results from the in vivo investigation, no significant induction of IL-5 was found in Th cells in response to IL-33 (Fig. 5b) . In contrast, an early induction of IL-5 was found in ILC2s, which demonstrated a dramatic increase of intracellular IL-5 already at 3 hr of IL-33 stimulation (Fig. 5b) . The high levels of IL-5 + ILC2s were maintained at 6 hr and decreased first at 12 hr of stimulation. Interestingly, at the 12 hr time point, ST2 expression increased by 50% in the ILC2 population, possibly reflecting a compensatory upregulation of the receptor in response to decreasing IL-33 levels in the cultures (Fig. 5d) . Importantly, the functional relevance of IL-33-induced IL-5 production was demonstrated by increasing IL5Ra expression in eosinophil progenitors (CD34 + IL5Ra + ) (Fig. 5c) . Indeed, the observed elevation of IL5Ra receptor intensity coincided with increasing IL-5 + ILC2s, and at 24 hr of stimulation both ILC2-derived IL-5 and IL5Ra expression on eosinophil progenitors had decreased. Further analysis of bone marrow-derived ILC2s was enabled by FACS sorting followed by in vitro expansion, where ILC2s were found to secrete large amounts of IL-5 in response to IL-33 (Fig. 6a,b) . Importantly, by adding supernatants from stimulated ILC2 cultures to naive bone marrow, eosinophil differentiation was induced as seen by increased numbers of eosinophil progenitors (Fig. 6c) and upregulation of IL5Ra expression (Fig. 6d) . Together, these findings demonstrate that IL-5-producing ILC2s support IL-33-driven eosinophil hematopoiesis in the bone marrow, which adds a previously unrecognized role of ILC2s in eosinophilic inflammation.
Discussion
In recent years, IL-33 has emerged as a central player in allergic immune responses where we and others have demonstrated that IL-33 increases in the airways in mice upon allergen challenge, which activates inflammatory cells to release mediators that in turn contribute to the development of tissue eosinophilia. 15, 25, 26 Importantly, IL-33 has also been demonstrated to take part in the immunopathogenesis of human allergy and asthma where several studies have identified IL33 and IL1RL1 (ST2 gene) to be associated with these diseases. [27] [28] [29] [30] [31] Indeed, elevated IL-33 levels have been found in airway samples from individuals with allergic asthma compared with healthy controls, where increased IL-33 expression was correlated with asthma severity. [32] [33] [34] Although several studies have reported that intranasal IL-33 delivery in mice results in elevated eosinophil numbers in the airways and the circulation, in the current study we show for the first time a functional effect in the bone marrow compartment under IL-33 stimulation. We analysed bone marrow cells by flow cytometry, which enabled identification of eosinophils of different maturity as well as IL-5-producing cells. Signalling via IL5Ra and CCR3 is crucial for eosinophil development and trafficking, therefore commonly used markers for detection of human and mouse eosinophils. [35] [36] [37] Analysis of these receptors proved to be a successful strategy and we were able to demonstrate that IL-33 administration induced eosinophil differentiation in the bone marrow. Interestingly, ST2 expression on bone marrow eosinophils was clearly related to cell maturation as a majority of mature eosinophils were ST2 + , however, no ST2 expression was found on immature eosinophils. In addition, although a subpopulation of CD34 + progenitors expressed ST2, we found a sudden decrease in receptor expression as soon as the cells were committed to the eosinophil lineage (i.e. acquired IL5Ra expression), suggesting a finetuned interplay between IL-33 and IL-5 in hematopoietic differentiation, which has been described in further detail by others. 16, 24, 38 In a recent study, ST2 expression in mature granulocytes including eosinophils, basophils and mast cells, was compared with the expression of the ST2 receptor in precursor cells. 8 Eosinophil progenitors, basophil progenitors and mast cell progenitors were all found to express ST2 at higher levels than the mature cells. The functional relevance of this observation was documented by increased IL-33-induced cytokine production in vitro (IL-1b, IL-6, IL-9 and IL-13) by the progenitors compared with the mature granulocytes. 8 Importantly, functional implications of ST2 expression on CD34 + progenitors have previously been reported in humans where CD34 + ST2 + cells in peripheral blood were found to produce IL-5 in response to IL-33 stimulation. 9 This demonstrates that in addition to being precursors of myeloid cells with inflammatory roles, IL-33-responsive CD34 + cells may themselves act as cytokine-producing effector cells that contribute to eosinophil development. Indeed, increased IL-5-producing CD34 + IL5Ra + cells were found in sputum from individuals with severe asthma 39 and the number of CD34 + ST2 + cells, along with mature eosinophils and CD34 + IL5Ra + progenitors, increased in the sputum of subjects with allergic asthma after inhaled allergen challenge. 9 Of interest for the current study, bone marrow aspirates from individuals with allergic asthma have shown that even though no difference was found in CD34 + cell numbers after airway allergen challenge, IL-5-responsive CD34 + IL5Ra + progenitors increased significantly in the bone marrow. 36, 40, 41 In our experimental model of IL-33-driven eosinophilia we found no significant differences in CD34 + IL5Ra + cells in the bone marrow upon IL-33 challenge, however, the number of CD34 + cells and progenitor-derived downstream differentiation products such as eosinophils were detected at significantly increased levels in IL-33-challenged mice compared with PBS-treated controls, which suggests that the production of hematopoietic stem cells in the bone marrow is a highly dynamic yet tightly regulated process.
In addition to myeloid cells, in our analysis of ST2 expression in bone marrow lymphocytes we found indisputably high expression levels in ILC2s and a more modest ST2 + subpopulation of Th cells. Interestingly, an ST2-expressing population of lineage À Sca1 + c-Kit
+ cells has previously been described within the mouse bone marrow that, consistent with our findings, was reported to produce IL-5 when cultured in vitro in the presence of IL-33 and IL-7. 42 In our study, in addition to being ST2 + cells, the ILC2s expressed Sca-1 and ICOS but mostly negative for c-Kit and KLRG1 (see Supplementary material, Fig. S1b) . Furthermore, the number of ILC2s remained unchanged in the bone marrow of IL-33-challenged mice compared with PBS-treated control mice, whereas the Th cells were found at significantly lower numbers after IL-33 challenge. This finding is in contrast to the role that was previously suggested for T lymphocytes in the context of allergen-driven eosinophilia, where allergen challenge is thought to induce trafficking of IL-5-producing T cells to the bone marrow. 10, 19, 43 However, it is likely that different pathways are activated upon innate cytokine signalling compared with adaptive allergen stimulation. In our model of IL-33-driven eosinophilia, eosinophils were recruited from the bone marrow to the airways upon IL-33 challenge. Indeed, we found that IL-33 challenge alone proved to be sufficient to induce eotaxin-2/ CCL24 expression in the airways of naive mice at comparable levels reported in models of allergen-driven eosinophilic inflammation, 44 and blocking of eotaxin-2/CCL24 by neutralizing antibodies decreased airway eosinophils in IL-33-challenged mice. Interleukin-33-induced eotaxin-2/ CCL24 production has previously been investigated in mice, where IL-33 was reported to polarize alveolar macrophages toward an alternatively activated phenotype that were able to produce high levels of eotaxin-2/CCL24 (and TARC/CCL17) in vitro in response to IL-33 stimulation together with IL-13. 45 Eotaxin-2/CCL24 expression has been described to be dependent on IL-13, 46 ,47 and we and others have previously shown that IL-13 is produced by airway ILC2s in response to IL-33 stimulation in vivo. 15, 48 It is possible that airway ILC2s are contributing to the expression of eotaxin-2/CCL24 by producing IL-13 in our model of IL-33-induced eosinophilia. Interestingly, the expression of IL-33-induced eotaxin-2/CCL24 was unaffected by neutralizing IL-5 antibodies and no significant changes in the upregulation of ST2 on bone marrow ILC2s under anti-IL-5 treatment were found. One might speculate that IL-33-responsiveness of airway ILC2s, similar to ILC2s in the bone marrow, is independent of IL-5. This would explain the high levels of eotaxin-2/CCL24 that were maintained under anti-IL-5 treatment.
A recent study claimed that allergen inhalation in a mouse model caused the release of IL-33 in the airways, which stimulated production of IL-5 by lung ILC2s; the IL-5 reached systemically high levels that stimulated eosinophil development in the bone marrow. 49 We also found elevated IL-5 systemically in serum from mice that were treated with IL-33 compared with PBS-treated mice. Although we cannot rule out that various tissues such as the lung might contribute to elevated IL-5 in the circulation, we do believe that there is a local source of IL-5 in the bone marrow that is driving eosinophil development. To address this hypothesis, we examined intracellular IL-5 production in vivo and can for the first time demonstrate that CD34 + progenitors and ILC2s, but not Th cells, induce IL-5 locally in the bone marrow in IL-33-challenged mice. In the in vitro setting, we were able to monitor IL-5 production over time in these populations as well as at an earlier time point that might reveal which cells are involved in the initiation of eosinophil hematopoiesis. Indeed, bone marrow ILC2s were the predominant source of IL-5, which coincided with the expansion of IL-5-responsive CD34 + eosinophil progenitors. In conclusion, we conducted a comparative investigation of three cellular candidates in the bone marrow, known to produce IL-5 in peripheral blood and airways in the context of eosinophilic inflammation, to determine whether these cells are supporting eosinophil development locally in the bone marrow. By examining IL-33-responsiveness and intracellular IL-5 production we show that although ST2 receptor expression was found in all three cell types, ILC2s stood out by rapidly producing large amounts of IL-5 upon IL-33 stimulation, which induced expansion of CD34 + IL5Ra + eosinophil progenitors in vitro. This novel finding identifies IL-5-producing bone marrow ILC2s as a new important mediator of IL-33-driven eosinophil development, which might have implications in antigen-independent induction of eosinophilic asthma.
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